The influence of ammonia (NH 3 ) on the 8 doubly deuterated formic acid (DCOOD, FA) dehydrogen-9 ation selectivity for a Pd(111) single crystal model catalyst 10 surface was investigated under ultrahigh vacuum conditions 11 using temperature-programmed desorption and temperature-12 programmed reaction spectroscopy techniques. NH 3 adsorp-13 tion on Pd(111) revealed reversible, molecular desorption 14 without any significant decomposition products, while 15 DCOOD adsorption on Pd(111) yielded D 2 , D 2 O, CO, and 16 CO 2 as a result of dehydration and dehydrogenation 17 pathways. Functionalizing the Pd(111) surface with ammonia 18 suppressed the FA dehydration and enhanced the dehydro-19 genation pathway. The boost in the FA dehydrogenation of 20 Pd(111) in the presence of NH 3 can be linked to the ease of FA deprotonation as well as the stabilization of the decomposition 21 intermediate (i.e., formate) due to the presence of ammonium counterions on the surface. In addition, the presence of a H-22
Therefore, in this study, the effect of NH 3 on the selective 126 dehydrogenation of doubly deuterated FA (i.e., DCOOD) on 127 Pd(111) was investigated. The utilization of DCOOD allowed 128 us to monitor the FA decomposition products in a more precise 129 manner and enabled us to differentiate the particular 130 contributions of DCOOD and NH 3 to H 2 generation. In the 131 current work, we first investigate the individual adsorption/ 132 desorption behavior of NH 3 and DCOOD on Pd(111) as a 133 function of the adsorbate coverages via temperature-pro- 134 grammed desorption (TPD). Then, we focus on the interaction 135 between DCOOD and NH 3 on Pd(111) by performing 136 temperature-programmed reaction spectroscopy (TPRS) ex-137 periments, where DCOOD was adsorbed on Pd(111) , which 138 was initially exposed to varying coverages of NH 3 in an attempt 139 to elucidate the influence of the presence of Brønsted bases in 140 FA dehydrogenation on Pd(111) . The results presented in the 141 current work reveal valuable molecular-level insights regarding 142 the fundamental understanding of the effectiveness of Brønsted 143 bases in the dehydrogenation processes of FA, which can also be 144 extended to other organic acids and carboxylated oxygenates. 160 which enabled cooling of the sample with liquid nitrogen to 90 K 161 and heating to 1073 K via resistive heating. The temperature of 162 the sample was measured using a K-type thermocouple 163 (thickness: 0.005 in., Omega Inc.) that was spot-welded on 164 the lateral facet of the Pd(111) disc. Before each experiment, the 165 Pd(111) sample surface was cleaned by using various methods 166 depending on the extent of contamination present on the surface 167 of the Pd(111) sample. The first method consisted of multiple 168 cleaning cycles, where Pd(111) was exposed to O 2 (g) (Linde 169 AG, purity ≥ 99.999%) using a dedicated high precision leak 170 valve (P O2 = 1.0 × 10 −8 Torr, 5 min at 600 K) and subsequently 171 annealed at 727 K for 3 min in vacuum. In the second method, 172 after exposing the Pd(111) sample to the conditions given 173 above, the sample was flash-heated to 1000 K and then exposed 174 to Ar + sputtering (Ar(g), Linde AG, purity ≥99.999%) with a 175 sputtering gun (LK Technologies, NGI3000, 1.5 kV × 15 mA) at 176 room temperature (RT), followed by annealing at 1000 K in 177 UHV for 2 min. The third method included Ar + sputtering at 178 RT, followed by annealing at 1000 K in UHV for 2 min. The The Journal of Physical Chemistry C Article 191 DCOOD(g) was introduced in the UHV chamber through a 192 dedicated DCOOD dosing line, since DCOOD is known to 193 decompose upon its long-term interaction with stainless steel. 12 194 In the current work, exposures of the adsorbate species (ε) are 195 given in units of Langmuir (L, 1 L = 1 × 10 −6 Torr·s) and the 196 surface coverages (θ) of the corresponding adsorbates are given 197 in monolayer equivalents (MLE). Figure 1 , the α 1 desorption state can 231 be assigned to the chemisorbed NH 3 species on the Pd(111) 232 surface, since it is known that, at low coverages, ammonia is 233 coordinated strongly to the metal surfaces predominantly 234 through its lone pair electrons. 44−46,49 The second submono-235 layer desorption state (α 2 ), appearing at relatively higher 236 coverages in Figure 1 The next thermal window in Figure 2a is located at ca. 325 K. 338 In order to analyze the nature of the m/z = 2 (H 2 ) signal 339 desorbing at 322 K in Figure 2a , the H 2 desorption signal 340 originating from the clean Pd(111) surface (given in Figure 2b ) 341 was utilized as a control experiment. Figure 2b shows that 342 background H 2 adsorption on clean Pd(111) leads to a H 2 343 desorption signal at 335 K with a distinct high-temperature 344 desorption tail extending toward elevated temperatures (most 345 probably due to recombinative desorption of subsurface H 346 species). Differences in H 2 desorption maxima and the lack of 347 the high-temperature desorption tail in the m/z = 2 (H 2 ) 348 desorption channel in the DCOOD/Pd(111) TPD data suggest 349 that the origin of this signal is most likely not due to background 350 H 2 adsorption. Furthermore, considering the difference in the 351 scale bars of the TPD plots given Figure 2a and 2b, it is clear that 352 the extent of H 2 desorption in the DCOOD/Pd(111) TPD data 353 is greater than that of the clean Pd(111) surface. Therefore, the 354 m/z = 2 (H 2 ) signal in Figure 2a located in the close proximity of 355 the m/z = 3 (DH) and 4 (D 2 ) signals was assigned to be a FA 356 dehydrogenation product along with DH and D 2 species. 357 The last temperature window in Figure 2a is positioned at ca. 358 485 K and presents a strong m/z = 28 (CO) desorption signal 359 whose desorption maximum is in accordance with the former 360 work of Barteau et al. 12 The absence of any m/z = 44 (CO 2 ) 361 desorption signal at this temperature suggests that the origin of 362 this desorption signal is CO(g), which is generated as a product 363 of the catalytic FA dehydration. 364 3.3. DCOOD Adsorption on NH 3 -Functionalized Pd-365 (111). We also investigated DCOOD adsorption on Pd(111) f3 366 which was initially exposed to various coverages of NH 3 (Figure   f3 367 3). In the next section, we will first focus on the general 368 desorption behavior of DCOOD from Pd(111) in the presence 369 of NH 3 in comparison to DCOOD desorption from the clean The Journal of Physical Chemistry C Article 403 significantly increases as a function of increasing NH 3 coverage, 404 while its desorption maximum shifts from 274 to 232 K, which is 405 also in line with the behavior of submonolayer chemisorbed 406 NH 3 species (i.e., α 1 state) present in Figure 1 . 407 3.3.2. Effect of NH 3 on Water (D 2 O, DHO, and H 2 O) 408 Production. As can be seen from Figure 3a , the TPRS data for 409 θ NH 3 = 0.1 MLE yield a noticeably smaller m/z = 20 (D 2 O) signal 410 at 190 K with respect to that of the DCOOD/Pd(111) data 411 given in Figure 2a . This comparison reveals that functionalizing 412 the Pd(111) surface with θ NH 3 = 0.1 MLE NH 3 suppresses the 413 D 2 O formation (i.e., hinders the dehydration pathway (2)). The 414 overall effect of NH 3 coverage on the suppression of water f4 415 formation can be seen more clearly in Figures 4a−4d . Figure 4d 416 also shows the same trend in a semiquantitative fashion via the 417 integrated m/z = 20 (D 2 O) TPRS signal intensities for various 418 NH 3 coverages given as a histogram. (See Figure S2 for a list of 419 the particular integration temperature intervals used in the 420 construction of the histograms given in the main text.) 421 Figure 4a shows that the m/z = 20 (D 2 O) TPRS signal at 165 422 K becomes narrower and the D 2 O desorption signal at 190 K 423 continuously attenuates with increasing NH 3 coverages within 424 0−1.0 MLE. However, at higher NH 3 coverages (i.e., θ NH 3 = 1.4 425 MLE), the D 2 O desorption signal at 190 K starts to broaden 426 again. Therefore, it is apparent that the DCOOD dehydration 427 pathway (and thus, D 2 O formation) is suppressed as a function 428 of NH 3 coverage within 0−1.0 MLE, while higher NH 3 429 coverages start to weaken this effect. 430 A quite similar trend is also visible for the desorption of other 431 water species (DOH and H 2 O) presented in Figures 4b and 4c . 432 In addition, new m/z = 20, 19, and 18 desorption features also 433 438 ND 2 H, and NDH 2 species, respectively, as well as other species 439 containing amine functionalities, as will be discussed in section 440 3.3.6. 441 3.3.3. Effect of NH 3 on CO 2 Production. On the Pd(111) 442 surface, the influence of NH 3 on CO 2 formation from FA reveals 443 an opposite behavior as compared to the formation of the water f5 444 species. It can be seen in Figures 3 and 5a that the m/z = 44 445 (CO 2 ) TPRS signals located at ca. 190 K (that are due to FA 446 decomposition and catalytic dehydrogenation) become broader 447 and stronger with increasing ammonia coverage, suggesting a 448 boost in catalytic CO 2 production. Since the production trends 449 of CO 2 (Figure 5b ) and D 2 O (Figure 4d ) as a function of NH 3 450 coverage reveal opposite behaviors, it can be argued that NH 3 451 facilitates FA dehydrogenation and enhances hydrogen 452 production selectivity while hindering FA dehydration. 453 Furthermore, it can also be seen in Figure 5a that the presence 454 of even a very low coverage of NH 3 (i.e., 0.1 MLE) leads to a 455 positive shift (from 190 to 197 K) in CO 2 desorption 456 temperatures, which may be linked to the stabilization of the 457 FA decomposition intermediates by adsorbed NH 3 species. At 458 higher NH 3 coverages (i.e., 0.4 MLE), a new high-temperature 459 CO 2 desorption signal appears at 216 K, suggesting the presence 460 of a different strongly bound intermediate (possibly a formate 461 species stabilized by its interaction with NH 3 ), which is not 462 present in the case of the DCOOD/Pd(111) system ( Figure  463 2a ). The stabilizing effect of ammonia on the decomposition 464 intermediate is in accordance with the stabilizing effects of (2 × The Journal of Physical Chemistry C Article 528 FA with various functionalized Pd surfaces. Similar to ammonia, 529 other co-adsorbates are also capable of increasing the formate 530 stability on various Pd surfaces. In contrast to adsorbates such as 531 Na, K, and O (which lead to an increase in H 2 desorption 532 temperature), 12,14,16 NH 3 decreases the desorption energy of H 2 533 by decreasing the desorption temperature. 534 The contribution of θ NH 3 = 0.1 MLE ammonia coverage to the 535 D 2 formation reaction rate constant can roughly be estimated by 536 using the basic TPD models. 60 The rate of desorption during a 537 TPD experiment can be estimated as follows:
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(3) 539 where θ is the coverage, k is the Arrhenius desorption rate 540 constant, β is the linear heating rate (in K/s), and m is the 541 desorption order. Hence, the desorption rate of D 2 from the 542 clean Pd(111) surface (eq 4) and the desorption rate of D 2 from 543 the θ NH3 = 0.1 MLE ammonia-functionalized Pd(111) surface 544 (eq 5) can be written as For both cases, it can readily be assumed that the D 2 548 formation/desorption is a recombinative process so that m 1 = 549 m 2 = 2. While eqs 4 and 5 cannot provide direct information 550 about the rate constants k 1 and k 2 (since absolute D 2 coverages 551 are not known for either of these cases), dividing eq 4 by eq 5 552 removes the necessity of having knowledge about the absolute 553 D 2 coverages. In other words, the ratio of the integrated m/z = 4 554 (D 2 ) TPRS signals can be used instead of the corresponding 555 ratio of absolute coverages. Also, note that in eqs 4 and 5, Δθ = θ, 556 since initial D 2 coverage on the surface is zero in all cases. After 557 these modifications, the ratio of the rate constants for D 2 558 desorption on DCOOD/Pd(111) (k 1 ) and D 2 desorption on 559 NH 3 -functionalized DCOOD/Pd(111) (k 2 ) can be expressed as 560 follows: 562 where ΔT 1 and ΔT 2 are the corresponding temperature 563 differences between the beginning and ending temperatures of 564 the relevant D 2 desorption signals in the TPRS data. For 565 instance, on the clean Pd(111) surface, D 2 desorption due to 566 DCOOD adsorption takes place within 234−532 K, whereas on 567 the θ NH 3 = 0.1 MLE ammonia-functionalized Pd(111) surface, 568 D 2 desorption takes place within 243−446 K. After plugging in 569 the required parameters into eq 6, the relative ratio of the rate 570 constants can be found as 
